ABSTRACT. Concerns about the long-term effects of ionizing radiation for both patients and electrophysiology laboratory personnel combined with the development of electroanatomic mapping systems have made it possible to perform ablation of dysrhythmia substrates with minimal or no use of fluoroscopy. This article reviews the current literature demonstrating the safety and efficacy of this technique in pediatric patients. While most reports are retrospective and single-center studies, there is a growing interest in developing multicenter studies to further refine this technique.
Introduction
Electroanatomic three-dimensional mapping systems were developed to aid in the mapping and ablation of tachycardia substrates by offering a more useful image of cardiac chamber dimension, and catheter position within that chamber, than fluoroscopy alone. However, longstanding concerns over the effects of ionizing radiation exposure on patients and laboratory personnel quickly led groups to explore the capacity of these systems to safely and effectively allow the minimization of exposure to fluoroscopy in adult patients. [1] [2] [3] [4] [5] A logical progression of this trend was to attempt the elimination of fluoroscopy altogether, even for more complex ablations. 6 While minimizing fluoroscopy is prudent for all persons involved in an ablation, the possibility of a procedure without fluoroscopy is particularly appealing in specific populations. 1, 2 One such population is pregnant women where the potential negative effects of the exposure of a fetus to ionizing radiation have the opportunity to develop and be compounded over a lifetime. 7 The same argument holds true for the performance of mapping and ablation procedures in the pediatric population, where it may become necessary to perform these procedures in children under 1 year of age. 8 Although the relative increase in long-term risk of malignancy from ionizing radiation exposure is felt to be small, it remains unknown. [9] [10] [11] Additionally, patients with congenital heart disease often have dysrhythmias. Owing to anatomic alterations and multiple substrates, procedures are often longer than in patients with structurally normal hearts necessitating longer imaging times. Also, as these patients are likely to have multiple procedures, it is of particular importance to minimize radiation use at any one procedure. Whereas there are a number of studies on the use of electroanatomic mapping systems in adult patients, this review will focus on clinical studies that have be performed in pediatric patients with or without congenital heart disease.
Electroanatomic mapping systems
The development of relatively inexpensive computer systems that have the capacity to process signals rapidly has allowed the development of mapping systems that reliably localize intracardiac catheter positions. One such system is the CARTO system (Biosense Webster, Diamond Bar, CA).
The system uses a magnet mounted under the catheterization table coupled with a proprietary catheter placed in the intracardiac chamber of interest. The magnet under the table locates the catheter tip in three-dimensional space when an endocardial signal is measured and the system stores the spatial and electrical information. The computer then constructs a virtual three-dimensional electroanatomic map of the chamber (Figure 1) . The catheter tip location within the mapped space is displayed on the computer screen allowing catheter manipulation without fluoroscopy. In current versions of CARTO, real-time structural data from intracardiac ultrasound (CartoSound) or changes in impedance (CARTO 3) can be integrated to refine the displayed image.
The LocaLisa (Medtronic Inc, St. Paul, MN) system was used in early studies of non-fluoroscopic procedures. The technology was acquired by Endocardial Solutions, which subsequently was acquired by the St. Jude Medical corporation. The technology was incorporated into the EnSite NavX system (St. Jude Medical, St Paul, MN). Patches are placed on the skin and used to generate an electrical signal sensed by the catheters inside the body. A catheter in a stable position is used as a reference for creating the geometry. The ablation catheter is manipulated within the chamber of interest and when contact with the wall is demonstrated by the measured electrical signal, the catheter position is recorded ( Figure 2 ). Electrical impedance changes are sensed by the system and indicate a change in catheter position, and the system then displays the new catheter position. The system then can simultaneously track 64 separate electrodes on up to 12 different catheters. Their positions are displayed relative to each other within a virtual representation of the cardiac chamber(s) of interest.
Although both the CARTO and EnSite systems produce a virtual image of the cardiac chambers and catheter(s), there are differences in them, some of which are summarized in Table 1 . However, with both systems, there are increased equipment costs associated with both the CARTO and NavX systems. Because the CARTO system is based on changes within a magnetic field, the ablation catheter has to be magnetically active. This proprietary catheter is more expensive to purchase than commonly used ablation catheters. The NavX system is compatible with most commonly used catheters, but the patches applied to the skin are one-time use only and must be purchased for every case. It is difficult to make a global statement about the absolute cost increase as there may be differences based on volume and specific center preferences.
Clinical studies
In 2002, the first publication of the elimination of fluoroscopy for ablation procedures in the pediatric population was by Drago and colleagues. 12 In their study, they used the CARTO system to successfully ablate accessory pathways located in the right atrium in 21 pediatric patients, mean age 11.3 years, with WolffParkinson-White syndrome. They demonstrated an acute success rate of 95% without complications, comparable to ablation using standard fluoroscopic 
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Using the LocaLisa system, further studies on the impact of electroanatomic mapping systems on the reduction of fluoroscopy in pediatric patients were reported.
14 Patients were divided into two groups, those who had their procedures done with fluoroscopy and those done with the addition of computer-assisted navigation. The group assignment was not random but temporal, in that the group whose procedures were performed with fluoroscopy alone comprised patients treated prior to the acquisition of the computer-assisted navigation system. There were no other demographic differences or tachycardia substrate differences seen in the two groups. Procedural success rates and complication rates were not different between the groups. However, there was a significant reduction in mean fluoroscopic times with the addition of the electroanatomic mapping system (17.2¡12.6 versus 37.3¡21.3 min, p,0.0001). The authors also reported the use of fewer energy applications in the group with electroanatomic mapping assistance (9.0¡8.5 versus 12.3¡12.2, p,0.02). Furthermore, analysis of subgroups stratified by tachycardia mechanism and accessory pathway location demonstrated a significant 
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decrease in total procedure time in patients whose mechanism was an accessory pathway not located near the atrial septum.
As an investigation of safety and efficacy of a nonfluoroscopic technique, Tuzcu 8 also published the contemporary experience of ablating right-sided substrates in pediatric patients at his institution. His study group consisted of 24 consecutive patients who underwent electrophysiology study and ablation where the intention was to use no fluoroscopy for the entire procedure. For a comparison group, 19 patients who had undergone right-sided ablations prior to the acquisition of their EnSite system were used. There were no significant differences in age and tachycardia substrates between the two groups. The acute success rate in the nonfluoroscopy group was 92%. The acute success rate in the fluoroscopy group was 84%, but the difference was not statistically different. The recurrence rate was not statistically different between the two groups (19% in the non-fluoroscopy group and 13% in the fluoroscopy group). The number of lesions delivered was not different between the two groups. There were no complications reported in either group. The mean procedural time was not statistically different between the groups, 193.5¡ 80 min for the non-fluoroscopy group and 208.2¡ 64.5 min for the fluoroscopy group. From the report it was clear that the author has extensive experience in the use of the technique for left-or right-sided substrates, but as a brief period of fluoroscopy was used for left-sided substrates these patients were excluded from the report.
In 2007, Smith and Clark 15 published their experience using the EnSite system in NavX mode to accomplish ablation in children with minimal fluoroscopy use. Their study cohort consisted of 30 patients who had undergone ablation using the EnSite system. Patients who had undergone ablation in that laboratory prior to the acquisition of the EnSite system were used as a control group. They were matched for age and arrhythmia substrate. Mean fluoroscopy time for the study group was 1.05 min compared with 21.4 min for the control group (p,0.05). There was no significant difference in procedure time. More interesting, however, was that 24 of the 30 study patients, 80%, required no fluoroscopy. Of the six patients who required fluoroscopy, five had left-sided pathways. That laboratory uses predominantly the transseptal approach to access the mitral annulus and fluoroscopy was used to perform the transseptal puncture.
A similar experience with the EnSite system in pediatric patients was reported by Papagiannis et al. 16 Their retrospective study consisted of two groups of 40 patients, matched for similar diagnoses of atrioventricular node re-entry tachycardia (AVNRT) or a tachycardia substrate consisting of an accessory pathway or pathways. The first study group consisted of patients whose procedure involved the use of the EnSite system and fluoroscopy, and the comparison group's procedure consisted of fluoroscopy alone. In the fluoroscopy-alone group, the mean fluoroscopy time per procedure was 24.9 min. In the fluoroscopy plus mapping group, the fluoroscopy time per procedure was cut by more than half, with a mean fluoroscopy time of 10.4 min (p,0.0001). There were no differences in tachycardia substrates, success rates, or number of radiofrequency lesions delivered. Furthermore, the mean procedure time of the group using the system was significantly shorter (170 min versus 218 min, p,0.0001).
In a recent publication, Papagiannis and his colleagues 17 further reported outcomes using a minimal fluoroscopic technique in pediatric patients, based upon accessory pathway location, and in patients with abnormal cardiac structure. Again, this was a retrospective study consisting of a study group of patients whose procedure was performed with fluoroscopy and an electroanatomic mapping system compared with a group of patients whose procedure was carried out with fluoroscopy alone. The procedures in the minimal fluoroscopic approach group of patients had been carried out more recently. The procedures in the fluoroscopy-alone group were performed prior to the acquisition of the mapping system. Other than the period of time when the procedure was performed, the two groups were similar with respect to mean age, pathway location, and presence of congenital heart disease. There was a significant reduction in the mean fluoroscopy time in the group using the electroanatomic mapping system compared with the group with fluoroscopy alone, 8.27 versus 39.77 min (p,0.001). Concomitant with the reduction in mean fluoroscopy time, the mean procedure duration was significantly shorter in the threedimensional mapping system group, 177.06 min versus 242.45 min (p,0.001). The difference between the two groups was statistically significant in all accessory pathway locations. There were no complications attributable to the use of the electroanatomic mapping system. The acute success rates of the two groups were not different, nor was there a difference in the recurrence rate.
The issue of approaching the left atrium in pediatric patients without the use of fluoroscopy was addressed by Clark et al. 18 In that report, 10 patients underwent cryoablation of left-sided pathways without fluoroscopy. A transseptal approach was used to gain access to the left atrium. As the transseptal sheath used does not have an electrode, it cannot be tracked by an electroanatomic mapping system. So, to enable a safe transseptal puncture, transesophageal echo was used to visualize the fossa ovalis. Tenting the fossa with the transseptal dilator was monitored. The transseptal needle was advanced into the left atrium and the location of the needle tip was confirmed on transesophageal echocardiogramy (TEE) by saline contrast injection. The sheath and dilator were advanced over the needle with continuous pressure monitoring and TEE. Once the sheath was appropriately positioned, the ablation was completed using only the electroanatomic mapping system for guidance. All patients had acutely successful ablations with no complications.
In the majority of studies noted in this review, often a comparison group comprised patients who had their procedure performed in an era prior to the acquisition of an electroanatomic mapping system. The cumulative
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The Journal of Innovations in Cardiac Rhythm Management, November 2011experience of the operator(s) and laboratory personnel in performing electrophysiology studies and ablations could be a confounding factor in the measurement of the effects of the use of a non-fluoroscopic technique on procedural times and outcomes. Additionally, one would expect a learning curve to exist with the development of any new tool, and this has been noted with the development of electroanatomic mapping system-guided procedures. 12 This effect of a learning curve was investigated in a laboratory where one experienced operator performed all pediatric ablations. 19 Patients undergoing ablation of AVNRT were divided into an early and more recent era. The early era was defined as the first 12 months after the installation of a mapping system. The more recent era consisted of the ensuing 18 months. There were 27 patients in the early era and 35 patients in the recent era. No fluoroscopy was used in any procedures. Acute procedural success rates, long-term success rates, and complication rates were not different between the two eras. However, average procedure time for the early era was 202 min compared with 160 min in the more recent era (p50.01). The authors further noted that the shortening of the procedure by a mean of 42 min was not related to the time it took the laboratory staff to set the room for the procedure, but was related to the operators comfort with manipulating catheters within the body using tactile feedback and images provided by the electroanatomic mapping system.
Recently a descriptive study using CartoSound, an electroanatomic computer-assisted mapping system with the ability to integrate real-time intracardiac echocardiographic (ICE) images into the geometry, was published. 20 The authors reviewed the first 17 patients whose procedures were performed using the new system in their laboratory. Their population comprised pediatric patients and patients with congenital heart disease. The majority of patients in this group had intra-atrial reentrant tachycardia (IART). The procedures on these patients were carried out without significant complication and with a high success rate. A subgroup consisting of the patients with IART was compared with a group of contemporary patients with IART carried out without CartoSound. Although procedure times, fluoroscopy times, and acute success rates were not significantly different, the authors concluded that there were advantages to using the mapping system. Specifically, they noted that they were able to create a more accurate geometry of the chamber of interest. Additionally, the system allowed the demonstration of catheter position and lesions on echo during the study. The authors felt that this allowed for the creation of better lines of block in complex anatomy.
Also, using the integration of ICE and electroanatomic mapping with the NavX system in their study group, Miyake and colleagues 21 demonstrated a mean fluoroscopy time reduction by 59% over a group using fluoroscopy alone (18.3 min versus 7.5 min , P,.001). Success rates and complication rates were not different between the two groups. Two patients in the study group had no fluoroscopy and two had less than 30 s of fluoroscopy. However, in the study group, mean procedure times were prolonged by 31 min.
In addition to supraventricular tachycardia, computer electroanatomic mapping systems have been used to map and ablate ventricular dysrhythmias in pediatric patients with minimal or no fluoroscopy. 22 In a report of five patients, three had right ventricular arrhythmias and the remaining two had left ventricular arrhythmias. The three patients with right ventricular foci were ablated with no fluoroscopy. Coronary angiography was required for patients with left ventricular foci and this accounted for the use of fluoroscopy. Catheter manipulation for mapping and ablation was carried out without fluoroscopy. This report also describes the technique the authors used for advancing long guiding sheaths without fluoroscopy. They took advantage of the change in the displayed catheter geometry based upon impedance changes when the electrodes were inside a sheath versus when they were out of the end of the sheath.
Summary
There is a growing body of literature that demonstrates safety and efficacy of minimal or no fluoroscopy use in pediatric patients undergoing ablation procedures by using an electroanatomic mapping system. In most studies, this has been accomplished without extending procedure times. However, the use of an electroanatomic mapping system increases the cost of a procedure over fluoroscopy alone. Despite that, concerns about longterm effects of radiation exposure on patients and operators are certainly part of the reason the use of these systems has grown. The extent to which long-term benefits outweigh the increased costs remains unknown.
In contrast to studies in adult patients, the majority of reports in the pediatric literature are single center, retrospective, and non-randomized. 23, 24 However, there is growing interest in studying the use of minimal or no fluoroscopy for ablation procedures on an organized, larger scale. At the Heart Rhythm Society's Scientific Sessions in 2010 a group of six investigators, many of whom were cited in this review, met informally. As a result of this group's efforts, the 2011 Heart Rhythm Society's Scientific Sessions had a formal session devoted to issues around non-fluoroscopic procedures. Again, an informal meeting open to all interested parties occurred after the formal session. The attendance at this informal meeting was fivefold larger than the initial meeting, involving adult and pediatric electrophysiologists. The result of that meeting is an effort at creating a multicenter database for minimal or non-fluoroscopic ablation procedures. At the time of this review, protocols for submission to this database are being prepared for individual institutional review board approval.
Although we are early in the formal investigation of the use of these electroanatomic mapping systems in pediatric patients, it is clear that interest in their use is growing rapidly. Technology development is also occurring at a rapid pace. It is foreseeable that the development of better techniques allowing shorter procedure times, savings in equipment purchase and maintenance, and decreased sequelae of ionizing radiation exposure will mitigate the current increased costs of using an electroanatomic mapping system.
